Аim -to compare the constancy of maintaining the size of the air gap in standard surgical incisions of the oral mucosa using a diode laser performed by a manipulation robot and by the hand of a surgeon. Material and Methods -A manipulative robotic mechanism coupled with a medical instrument -a semiconductor laser with a nanosecond pulsed pumping driver with a wavelength of λ = 1260 μm was used for the study. A comparative tool for simulating manual movement was a working organ with a nozzle for holding in surgeon's hand. The study was conducted on three typical trajectories: linear, semilunar and scalloped. The point coordinates were obtained by scanning the position of the reflector of the coordinate measuring machine in 100 passes with the calculation of the value of the standard deviation of the various measured quantities. Results -it was estimated that the magnitude of the spread of the air gap on typical trajectories between the laser tip and the treated biological tissue perfofmed by the robot is on the average 7 times less (p<0.05) compared to manual movements. Conclusion -The results showed that the use of robotic laser complexes in medicine would significantly improve the accuracy of the medical laser movement maintaining a constant fixed distance between the laser instrument and the mucosa in a range of up to 1 mm.
Introduction
The development of robotic complexes in various branches of industrial production in recent decades has not left aside medicine. Surgical robotic systems began their development in medical practice with the positioning of endoscopic instruments, allowing to help the surgeon to control the video image of the surgical field and the accuracy of the instrument direction in any laparoscopic surgery [1] . Such systems began to be used in 1995 in performing operations of hip joint replacement based on computed tomography images [2] .
The success of many robotic operations carried out around the world, including in Russia, using the daVinci robotic surgical system, testifies to the widespread adoption of robotic technologies in various fields of medicine. The experience of using this system shows significant advantages of robotized technologies over laparoscopic techniques and even more so over open abdominal interventions conducted by a surgeon [1, 3] .
The results of the development of industrial robotics are reflected in mechanical design, kinematics, control algorithms and programming. Researchers in [4] actively improve the approaches associated with improving the accuracy of positioning of the robots. Currently, these developers are also working on such parameters of robots as adaptability, in which the use of sensory information makes it possible to respond to changing conditions, and autonomy -the ability to perform tasks without human observation.
Laser photoablation has been used in medicine since the development of the laser in 1960, and its first medical use was registered in 1961 in ophthalmology [5] .
The use of various laser systems in dentistry is widely spread. Surgical treatment in the head and neck is associated with incisions, tissue release, rapid rehabilitation, minimization of invasion. Due to the complex three-dimensional anatomy and the close proximity of the thinnest anatomical structures, the intervention requires the highest precision. This approach is difficult, since the oral cavity is one of the most common access routes in surgical dentistry, and damage to the thinnest anatomical structures: muscles, vessels, nerves and pneumatic sinuses can lead to serious complications, increasing the duration of treatment [6] .
Laser radiation in the wavelength range of 630-1300 μm promotes the manifestation of stimulation of electrolyte metabolism in the protoplasm of cells, accelerates metabolism, increases cell proliferative activity, has fibrinolytic and thrombolytic properties and anti-inflammatory and anti-edema effects [7] . The development of laser technology has led to the development of new devices with unique laser radiation characteristics, compact dimensions and the possibility of combined exposure of low-intensity and high-intensity radiation, using photochemical effects on oxygen in tissues, which allows to perform non-contact laser surgery of the soft tissues of the maxillofacial region with minimal mechanical and thermal effects on bone and surrounding tissues [8, 9] .
However, the use of laser technology in a robotic system would increase the precision of the laser instrument, which, in turn, would allow to perform more accurate and minimally invasive surgical interventions compared with the surgeon.
Development and creation of a robotic surgical system for the treatment of complex pathology of the maxillofacial area with the ability to integrate the laser module into the robot arm as a working tool is a promising direction for the development of the medical industry and the implementation of a program of improving medical care in Russia.
A group of researchers, dentists from Moscow State University of Medicine and Dentistry n.a. A.I. Evdokimov (Moscow, Russia), together with robotics engineers at Stankin Moscow State Technological University (Moscow, Russia), developed a robotic multifunctional surgical complex for the maxillofacial area based on a manipulation robot that allows to evaluate the robotic laser capabilities in surgery of the maxillofacial area in terms of accuracy and minimal invasion compared to manual use of laser surgical technology.
The purpose of this study is to assess the error in the size of the air gap between the laser tip and the biological tissue -the difference between the measured and the specified air gap value while performing standard surgical incisions using laser radiation tip inbuilt in the manipulation robot compared to the same manipulations by the hand of a surgeon.
Material and Methods

Experimental setup for measuring robot movements
The assembly of an experimental stand of a multifunctional surgical complex for laser therapy and surgery of tissues of the maxillofacial area is shown in Figure 1 . The robotic stand system includes a manipulation mechanism LBR 4+ made by KUKA (Germany), which is a seven-part articulated mechanism with a consistent kinematic structure (1) .
The medical instrument in the handling robot is a laser module (2), the optical radiation of which is created by a multimode semiconductor laser based on the Ga-A-Al structure with direct current pumping. The module is a nanosecond pulsed pump driver with a wavelength of λ=1260 μm. The main characteristics of the laser working tool are shown in Table 1 .
An optical fiber with a diameter of 400 μm, covered with a protective plastic sheath, emerges from the medical instrument and enters the holder of the optical fiber (2a), which in turn is fixed in the working instrument (3) connecting it to the flange of the handling robot. The impact of laser radiation on biological tissue occurs directly from the distal end of the fiber.
To control the operating modes of the laser installed on the robot, the channels of the laser power supply are connected via electromagnetic relays to the discrete output unit of the robot control device. The LBR 4+ controller uses a 16 channel discrete output module BECKHOFF KL2809.
To switch the channels of the laser power supply unit by the control signal from the robot controller, an electromagnetic relay is used. This relay controls the + 24V signal supplied from the digital output unit.
The working tool (3) is designed to interface the holder of the optical fiber of a medical laser with a 6-power manipulator flange, as well as to fix the laser reflector of the coordinate measuring machine (4a) on it, which is necessary to control the position and speed of the working tool while it moves along the path.
For the manufacture of the prototype of the working body, a sketch drawing was made and a 3D model of the working body was created ( Figure 2) .
The printing of the developed working tool model was carried out on a 3D printer using heat-resistant plastic.
The Leica Laser Tracker LTD8 coordinate measuring machine from Leica (Germany) was used to measure coordinate points during functional movements and typical motion paths (4) .
For the experiment, artificial gums were made to simulate the incision using laser radiation in minimally invasive optical surgical equipment (5) , whose composition is a 5-25% aqueous solution of gelatin with added aminoacetic acid or proline, taken in an amount of 8-10 wt. % to the total amount of solution. This technical solution is used because of the fact that for the radiation of a diode laser with an operating wavelength range of 1250-1270 μm the maximum absorption with the release of singlet oxygen is observed [10] .
Experimental setup for measuring manual movements
To determine the position and orientation of the medical instrument during its manual movement, a working body has been developed, shown in Figure 3 .
Statistical analysis
The standard deviation of the various measured values is calculated in accordance with the following expression: (1) where, Σ -the average value of the measured value, p mid -the value of the measured value at each point p i , n -the number of points.
The studies were conducted along the following typical movement paths of a medical instrument, which are shown in Figure 4 : linear, semilunar, and scalloped. Measurements of the coordinates of points of typical trajectories are carried out using a coordinate measuring machine. The values of the coordinates of the points are obtained by continuously scanning the position of the reflector mounted on the magnetic base of the working tool, or on the working tool of a surgical robotic laser system. Derived on typical motion paths (linear l i (x i ,y i ,z i ), lunate h i (x i ,y i ,z i ) and scalloped f i (x i ,y i ,z i )) coordinates of the position of the medical instrument are shown in Figure 4 , where i -number of measured coordinates of points, i=1..n, and n -number of scan points.
Results
For making incisions of the required depth and width, it is necessary to withstand the nominal (specified) air gap d n between the laser tip and the biological tissue. For conducting the experiments comparing the movements of the robot and the manual movements of the surgeon, the flat surface with minimal flatness was used, and for evaluating the movements of the robot, the flat surface is set to the robot using the program. To determine the plane using the reflector of the coordinate measuring machine, the coordinates of the points are measured p i (x i ,y i ,z i ) which are depicted in Figure 5 .
To find the parameters of the plane (A',B',D') all coordinates of the points of the trajectory are approximated by the least squares method by the following expression:
(2)
To go to (a,b,c) expression is used: 
Distance from the origin to the measured plane D m defined as the arithmetic average of the distances to each measured point: (5) The value of the air gap for each measured point coordinates is determined in accordance with the following formula:
both the robot and the surgeon. Figure 5 shows: the contour of the measured plane c i and air gap d i from each point of the linear trajectory of movement l i (x i ,y i ,z i ) medical instrument to its projection l i (x i ,y i ,z i ) on the plane of the table.
When conducting the experiment, both the surgeon and the robot were required to sustain 1 mm between each point of any typical trajectory, which are shown in Figure 4 , and a flat plane. Before comparison, it is customary to divide the typical trajectories conducted by the surgeon into two categories: these are trajectories, the passage through which was carried out with the presence of a fulcrum, i.e. the surgeon's hand touches the surface of the table during the passage, and without touching the trajectory ("in the air"). This is due to the need for the surgeon to hold the cutting tool in different ways during operations, depending on the openness of the surgical field. Graphs illustrating the size of the air gap d i from the position of a medical instrument R i when passing along each trajectory are shown in Figure 6 .
Considering the graphs revealed inconstancy of the size of the air gap during manual movements with both a hand fulcrum and no fulcrum compared to a robot. During the scanning of the trajectories of manual movements, it was revealed that the surgeon cannot stop the medical instrument at the exact point of the specified trajectory, but stops there with a position error (1.3 mm on average), unlike a robot (0.15 mm). Therefore, when plotting graphs for comparing a surgeon and a robot, there are no data on the end of the trajectory of manual movements. The nominal distance between the first and last point of each type path is 100 mm. For each typical trajectory, scan points consist on average of 3300 points.
The difference between the average air gap obtained d m and the specified d n is the error of the air gap. δ = d n -d m (7) Average air gap d m on the trajectory is defined as the arithmetic mean d i on every single trajectory.
The values of the error of the size of the air gap for each path during manual movements with a touch point (δ p ), no touch point (δ a ) and when moved by robot (δ R ) presented in Table 2 .
If an δ R on all typical paths have similar meanings, then δ p and δ a significantly differ from each other. In this regard, the evaluation of δ p /δ R and δ a /δ R ratios is rather ambiguous and nevertheless can be used together with the robot's additional movements compared to the second criterion, since average arithmetic relations δ p /δ R and δ a /δ R for linear, semilunar and scalloped trajectories are equal to 7 and 7 respectively.
So, the size of the air gap during manual movements is not constant, so it is necessary to conduct statistical experiments to identify an additional criterion, which will depend on the distribution of the size of the air gap.
When carrying out manual movements in five passes in each typical trajectory, there was no significant difference in the nature of the distribution of the air gap size, so it was decided to combine the experimental data on the linear, semilunar and scalloped trajectories into a single data file. Thus, to assess the nature of the distribution of the air gap size, 15 trajectories of all manual movements with a touch point, without a touch point and robot movements, 3 data arrays with a total number of points equal to 51863, 50749 and 53705, respectively, are used. Figure 7 shows the histograms of the distribution of the size of the air gap d i along all typical paths.
According to the obtained data of statistical experiments, the absence of normal distribution was determined in accordance with the Kolmogorov-Smirnov compliance criterion and the Pearson compliance criterion. Therefore, for an additional criterion for comparing the movements of the robot and manual movements, the amount of scatter ε is taken, the difference between the maximum and minimum air gap values in each sample. The magnitude of the air gap spread over all typical paths for manual movements is: with a tangency point (I) ε p =3.693 mm, without touch point (II) ε a =4.307 mm and when moved by a robot (III) ε R =0.579 mm. When comparing the values of the air gap of manual movements, it is possible to conclude that the presence of a fulcrum while making movements contributes only to a small decrease in the magnitude of the spread. It was also found that the moment of contact between the tip of a medical instrument and the surface of a flat plane on which trajectories were scanned in the case of manual movements with a touch point occurred about 10 times, and in the case without a point of support about 80 times (provided that one contact averages 10 scan points). In the case of a robot, the moment of contact between the tip of the medical instrument and the table did not come even once. The robot stably holds the size of the air gap and has stiffness sufficient for a large number of diverse operations without the need for an additional fulcrum compared with the surgeon.
It is estimated that the amount of scatter of the air gap on typical paths between the laser tip and the biological tissue moved by a robot is 6 times smaller than the manual movement with a touch point (ε p /ε R ). It is also estimated that the amount of scatter of the air gap on typical paths between the laser tip and the biological tissue moved by a robot is 7 times smaller than the manual movement without a touch point (ε a /ε R ).
Discussion
Currently, a large number of robotic medical complexes from various fields of medicine are at the stage of operation and development. Researchers [11] are working to create a STAR robotic system capable of autonomously stitching incisions on soft tissues. The articles [12, 13] describe the RONNA robotic complex, developed for neurosurgery, in the brain area. Also, a medical robotic complex (medical robotic cell) for osteotomy was developed by researchers [14] .
Modern studies do not pay due attention to the quantitative indicators of the relationship between the quality of operations with the help of a robot and operations performed by a surgeon manually. All of the above complexes [1] [2] [3] and many others certainly solve complex medical problems. At the same time, during all operations with their help, the question arises of the quality of treatment. Modern surgical practice associates the quality of treatment with the patient's condition before and after surgery [5] [6] [7] . And now, the qualitative indicators of surgical operations with the use of medical lasers are minimal blood loss, antibacterial effect, the amount of time of the postoperative period, etc. [6] [7] . However, during operations on the gums, the quality of treatment depends not only on the patient's condition, but also on the quality of the laser tip manipulation. The quality depends primarily on the quality of the manipulation of the laser tip, when a robot to perform operations on the gums is used. And in this article, it is the quality of the manipulations performed by the robot on typical trajectories identified in maxillofacial surgery, as compared with the surgeon, which is assessed. The quality of the manipulations primarily depends on the parameters of the process of cutting soft tissues, one of which is the air gap (or depth) between the tip of the laser and the soft tissues, which was analyzed in this article. Other parameters of the process by which the comparison is made, such as the accuracy of the trajectory and the speed of working it out are analyzed in the articles [15] [16] [17] [18] .
Conducting such a comparative study made it possible to quantitatively show how robotic manipulations will improve the quality of medical operations on the soft tissues of the oral cavity. From the point of view of scientific novelty, this study showed a quantitative relationship between a robot and a surgeon using the developed comparison criterion. The scientific usefulness of such a study makes it possible not only to apply modern robots (LBR 4+), but also gives direction to their improvement for the needs of maxillofacial surgery.
Conclusion
The results of the evaluation of the experiments show that by criterion -the average size of the air gap and by the additional criterion -the magnitude of the air gap spread on typical trajectories robot exceeds the natural abilities of the surgeon on average 7 times performing laser surgery in the maxillofacial region.
Thus, the experiments carried out suggest that using the LBR 4+ robot to perform functional movements with a diode laser tip allows you to maintain a more accurate air gap between the laser tip and biological tissue, compared to human (doctor's) arm movements, which allows for less invasiveness carrying out surgical operations.
